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ABSTRACT
Based on the data from alluvial rivers in China, the complex mechanical behaviour of sediment-carrying streamflow of
natural rivers has been observed. Channel geometry also exhibits complex behaviour in response to variation in suspended
concentration. With the increase in suspended concentration, channel width : depth ratio increases, reaches a maximum
and then decreases. The inverse is true for channel sinuosity. When suspended concentration is low, a meandering pattern
is dominant. The increase in suspended concentration leads to a transformation from a meandering to a braided pattern.
But when the suspended concentration increases further and enters the range of hyperconcentrated flows, the meandering
pattern appears. The complex behaviour of channel pattern change may be regarded as a reflection of the complex
behaviour of sediment-carrying streamflows at the river reach scale. Copyright  2002 John Wiley & Sons, Ltd.
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INTRODUCTION
After the pioneering work on hydraulic geometry of alluvial river channels by Leopold and Maddock (1953),
the interaction between alluvial channel and sediment-laden flow is an important subject in both hydraulics
and geomorphology and much research has been done (e.g. Leopold et al., 1964; Vanoni, 1975; Schumm,
1977; Knighton, 1984). How the sediment carried by alluvial rivers affects river behaviour has long been
a concern of geomorphologists, especially in the field of channel patterns. Although meanders have been
observed in the waters of oceanic currents, on supraglacial streams and on beads of water flowing down
clean glass plates, this does not necessarily mean that there is no need to invoke the presence of sedi-
ments to account for meander.Parker (1976) indicates by a complex stability study that sediment transport
is essential for the formation of meanders. According to him, there are three requirements, the first two
being potential (inertial and gravitational) and friction effects. The third is the presence of sediment for
alluvial streams, the Coriolis acceleration for oceanic currents, heat differences for glacial meltwater streams
and surface tension for water threads on glass plates. Schumm (1963) studied channel shape and pattern in
relation to sediment types, indicating that meandering was associated with cohesive sediments and wash
load transport, and braiding with non-cohesive coarse sediments and bedload transport. The laboratory
study by Ackers and Charlton (1970) showed that there is a threshold of suspended sediment concentra-
tion, below which rivers meander. However, according to Xu’s (1993) investigation on rivers on the Loess
Plateau of China, when the suspended sediment concentration increases to the range of hyperconcentrated
flows, meanders occur again. The relation between river behaviour and sediment concentration may thus be
complicated.
So far, most of the workers have dealt with rivers with relatively low suspended sediment concentrations,
usually ranging from 0Ð1 to 5 kg m3, because most rivers in the world fall into this range. This is why the
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complicated behaviour of rivers has not yet been reported. In China, especially in northern China, due to
loess mantle in the drainage basin, mean annual suspended sediment concentration of rivers is often larger
than 10 kg m3, and for some rivers it is even as high as 500 kg m3 or more. Thus, the theory already
established on the basis of data from rivers with relatively low suspended sediment concentrations cannot
be used to explain the behaviour of hyperconcentrated rivers in China (Xu, 1993). In the present study, an
attempt has been made to extend the study of interaction between alluvial channel and sediment-laden flows
to heavily sediment-laden rivers.
Rivers are open systems (Schumm, 1977; Yang and Song, 1986) with complicated behaviour. This behaviour
depends on the following two feedbacks: streamflow carries sediment, while sediment in motion affects the
physical properties and mechanical behaviour of streamflow; channel confines water flow, while water flow
changes channel shape through erosion or deposition of sediment. To reveal the inherent mechanism behind
the complicated behaviour of river systems, we need to get a better insight into these two processes and the
relation between them.
So far much research has been carried out in laboratory flumes on the first feedback, and through these
experiments a good understanding of flow resistance, velocity and energy expenditure varying with sediment
concentration has been obtained (e.g. Chien and Wan, 1983, 1986; Yang, 1996). The study shows that with
an increased suspended sediment concentration, critical non-fill flow velocity increases, followed by a decline
after the maximum value is reached (Chien, 1989). However, results based on data from natural rivers have
not yet been reported, and the results from laboratory flumes cannot be used to explain the behaviour of
natural rivers with confidence. In the present study and based on data from many Chinese alluvial rivers, the
complex behaviour of natural sediment-carrying streamflows caused by the above-mentioned first feedback
will be studied, and then these mechanics-level characteristics will be related to the reach-integrated aspects
of channel processes.
Nearly 90 alluvial rivers are involved in this study, located in different natural zones in China, and include
the Yellow River, Yangtze River, Haihe River, Huaihe River, Liaohe River, Songhuajiang River and Pearl
River and their tributaries. Their mean annual water discharge varies from 0Ð9 to 30 000 m3 s1, mean annual
suspended sediment transport rate from 1Ð5 to 40 000 kg s1, and suspended sediment concentration from 0Ð1
to 600 kg m3.
COMPLICATED BEHAVIOUR OF NATURAL SEDIMENT-CARRYING STREAMFLOWS
When the suspended sediment concentration of a streamflow increases to such a level that the fluid is no
longer a Newtonian fluid but a Bingham’s fluid, it may be thought to be a hyperconcentrated flow. When
entering the ranges of hyperconcentrated flows, some particular properties occur. They can be generalized as
(1) larger unit weight and flow shear stress, (2) smaller submerged weight that leads to smaller suspension
work and larger sediment-carrying capacity, and (3) strong erosivity and greatly enhanced sediment-carrying
capacity. Many studies have been carried out in this field in China, through laboratory and field observations:
for some detailed discussion see Chien and Wan (1983), Chien (1989), Wan and Shen (1978), Chien et al.
(1979), Long and Chien (1986) and Xu (1999), among many others.
The critical sediment concentration for a hyperconcentrated flow depends on the grain size of sediment it
carries. In the lower Yellow River, the suspended sediment concentration of 200 kg m3 is often taken as
the critical concentration (Zhao, 1996). When the suspended sediment concentration is within the ranges of
non-hyperconcentrated flows, one can expect a monotonic relationship between flow strength and the sediment-
carrying capacity. However, it will be demonstrated that when the suspended sediment concentration of natural
sediment-carrying streamflows is high enough, some complicated behaviour occurs.
Complicated behaviour of sediment-carrying capacity of sediment-laden streamflows
The energy expenditure of a river can be divided into three parts: transporting sediment, eroding the bed
material, and overcoming flow resistance. When entering the ranges of hyperconcentrated flows, the first two
parts would be reduced.
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Sediment carried mechanically by streamflow is divided into two types, i.e. suspended load and bedload.
To carry suspended load, streamflow is required to do suspension work; suspension work done by unit water
body may be expressed as the product of settling velocity and the submerged weight of sediment per unit
water body:
Ws D ω/Ss  m
where Ws is suspension work per unit volume per unit time, ω is settling velocity, S is suspended sediment
concentration by volume, s and m are unit weight of solid and liquid phases of the two-phase flow. Note
that here settling velocity is also a function of sediment concentration. When the sediment concentration is
low, it has little effect on settling velocity, and Ws is mainly determined by S, so suspension work increases
with sediment concentration. However, when S is sufficiently large, interaction between suspended particles
increases, which sometimes leads to the formation of some flocculation structures. Then the settling velocity
declines sharply. The effect of this decline will exceed the effect of increase in Ss  m, so the suspension
work starts to decline. Some workers think that the energy for doing suspended work comes from turbulent
energy of the streamflow (Chien and Wan, 1983; Yang, 1996), so it has only a minor effect on the streamflow’s
effective potential energy expenditure. However, when suspended sediment concentration increases, the unit
weight of liquid phase also increases, which markedly reduces the submerged weight of coarse sediment
particles. This would increase the opportunities for coarser sediment particles to be transformed from bedload
to suspended load. As the energy needed for movement of bedload comes directly from the streamflow’s
effective potential energy, this factor also reduces the energy expenditure of streamflow.
Due to the marked decline in energy expenditure when entering the range of hyperconcentrated flows, the
sediment-carrying capacity is greatly enhanced. This relation has been well established by Wan and Shen
(1978). They plotted the relation between saturated suspended sediment concentration c and the flow strength
index v3/gdω, based on the data from natural rivers, irrigation channels and laboratory flumes (Figure 1).
Here ‘saturated’ means that the channel is at non-fill, non-scour state, and then c may be taken as sediment-
carrying capacity. The index v3/gdωD v2/gdv/ω is the product of Froude number and the ratio of flow
velocity to settling velocity, where v is flow velocity, g the acceleration due to gravity, d water depth, and ω
settling velocity. This index has been used by some Chinese workers to establish a semi-theoretical sediment
Figure 1. Relation of flow strength index v3/gdω to saturated suspended-sediment concentration c (based on Wan and Shen (1978) and
modified from Xu (1993))
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transport formula (Chien and Wan, 1983). It can be seen from Figure 1 that the flow strength required for
carrying sediment is greatest at suspended concentrations of around 100–200 kg m3. Starting from this
point, either an increase or a decrease in c is associated with a decrease in flow strength.
Complicated behaviour of channel fill and scour process
The river channel fill and scour process results from sediment exchange between sediment-carrying stream-
flow and the loose channel boundaries. If the strength of streamflow exceeds the flow strength required for
carrying the imposed sediment concentration, scour occurs; if the inverse is true, fill occurs. It is shown in
Figure 1 that when the sediment concentration is very high (i.e. within the range of hyperconcentrated flows)
or very low, the flow strength required to carry sediment is low. In the two cases, the actual flow strength is
most likely larger than the required flow strength for carrying sediment, hence scour occurs.
This has been supported by data from Tongguan Hydrometric station of middle Yellow River during
the period from 1960 to 1990. There were 159 flood events, from which 138 events were used, with the
floods greater than bankfull being excluded. To express the depth of fill or scour, the data of water stage at
1000 m3 s1 during the water-rising and water-recession during a flood event are used. Note that 1000 m3 s1
is a low water discharge during flood events in middle Yellow River. When this stage at water-rising is higher
than at water-recession, then it is known that bed scour must occur during the flood; when the stage at water-
rising is lower, then bed fill must occur. So the difference between the two stages is taken as an index of scour
and fill, positive values meaning fill and negative values scour. This index is plotted against the maximum
suspended concentration of the flood event (Cmax in Figure 2). Note that a log scale is used for Cmax. Although
the points are highly scattered, some tendency can be discerned. When Cmax is less than 200 kg m3, the
index of scour and fill increases; when Cmax exceeds 200 kg m3, the index of scour and fill declines. To
test this tendency, the points are divided into two groups with Cmax < 200 kg m3 and Cmax > 200 kg m3,
corresponding roughly to the rising and declining limbs of the fitted curve in Figure 2. Then, regression
is conducted for the two groups and the results are shown in Figure 2. The correlation coefficient of the
groups with Cmax < 200 kg m3 is 0Ð20. Because the number of samples is large n D 101, the correlation
is significant at the 0Ð05 level. The correlation coefficient of the groups with Cmax > 200 kg m3 is 0Ð58 and
the number of samples is n D 37, which indicate a correlation significant at the 0Ð01 level. Since the first group
shows a positive correlation and the second a negative, all the points may be fitted by a curve that rises to a
Figure 2. Water stage changes at 1000 m3 s1 discharge during a flood event in relation to the event maximum suspended concentration
Cmax, based on the data from Tonggun station on the middle Yellow River. Negative values mean scour and positive values fill. The
dotted fitting curve is drawn by eye. The solid straight lines are regression lines for points with Cmax < 200 kg m3 (solid circles) and
with Cmax > 200 kg m3 (open circles)
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peak followed by a decline (see the dotted fitting curve in Figure 2). The curve means that, when suspended
concentration is low enough, scour occurs; with the increase in suspended concentration, scour decreases
and then fill takes place and reaches a maximum around the concentrations of 200 kg m3. With further
increase in concentration and entering the range of hyperconcentrated flows, scour occurs again. The fact that
the tendency changes at Cmax D 200 kg m3 corresponds roughly to the turning point on the fitting curve in
Figure 1, i.e. when the saturated suspended sediment concentration becomes larger than 100–200 kg m3, the
flow strength needed to carry sediment declines. In the middle reaches of the Yellow River and its tributaries,
it has been well documented that sediment-laden streamflows tend to scour the alluvial bed when entering
the ranges of hyperconcentrated flows. Peak flows with extremely high sediment concentration can tear up
the bed material by pieces or by block and lower the river bed as much as 10 m (Chien et al., 1979). At
Longmen station on the middle Yellow River, such ‘tearing-up’ scours were observed seven times in the
period 1951–1977 (Zhao, 1996).
The complicated sediment-carrying and fill–scour behaviours at macro-timescales may be related to channel
pattern formation. If the sediment-carrying ability of a river exceeds the imposed sediment load for a long
time and the bed is degraded, the river may adjust itself to re-establish equilibrium, by an increase in the
channel length in order to decrease the slope. In this way the channel may tend to meander.
In the following, the complex behaviour of sediment-carrying streamflows will be used to explain some
complex phenomena in channel processes.
VARIATION OF CHANNEL GEOMETRY WITH SUSPENDED CONCENTRATION
The previous section shows that the complicated behaviour of sediment-carrying streamflow may lead to a
complicated behaviour of channel fill and scour. This is of significance in the channel-forming process of
natural rivers, because the long-term channel-forming process can be regarded as the cumulative result of
short-time scours and fills over a long period.
Based on the data of Chinese alluvial rivers with suspended-sediment concentrations of more than 1 kg m3,
channel width : depth ratio (w/d ) at bankfull discharge is plotted against mean annual suspended concentra-
tion Cmean in Figure 3. All the points are divided into two groups with Cmean < 30 kg m3 and Cmean >
30 kg m3 and then regression analysis is conducted respectively. In the first group, w/d and Cmean is pos-
itively correlated and the correlation is significant at a level of 0Ð05. The second group shows a negative
correlation significant at a level of 0Ð01. Thus, all the points may be fitted by a curve with a peak (see the
dotted curve in Figure 3). With the increase in concentration, width : depth ratio increases rapidly, reaching a
maximum value at concentrations around 30kg m3, and then declines.
Obviously, due to the fact that when suspended concentration is low or very high, the streamflow tends to
scour, a narrow and deep channel may be shaped after a long-term adjustment. Furthermore, when a flood
at hyperconcentration becomes overbank, marked deposition usually takes place on the floodplain, a factor
that increases the height of the floodplain and is conductive to a small width : depth ratio. On the other hand,
when the suspended concentration is moderate, the streamflow is more likely to deposition, and a wide and
shallow channel occurs after a long-term adjustment.
EFFECT OF COMPLEX BEHAVIOUR OF SEDIMENT-CARRYING STREAMFLOWS ON CHANNEL
PATTERNS
Relation of channel sinuosity to suspended sediment concentration
Based on data from alluvial rivers with suspended concentrations of more than 1 kg m3, the relation
of channel sinuosity to mean annual suspended concentration Cmean is plotted in Figure 4. Here channel
sinuosity is defined as the ratio of channel length to the valley length; for braided rivers, the channel length
is the length measured along the central line between the two banks of the channel. For most braided rivers
in China, although the channel is multi-threaded, the overall planform is rather straight with a low sinuosity,
unless the river is controlled by some specific geological factors.
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Figure 3. Relation of channel width : depth ratio (w/d) to mean annual suspended-sediment concentration. The dotted curve is fitted by
eye. The solid straight lines are regression lines for points with Cmean < 30 kg m3 (solid circles) and with Cmean > 30 kg m3 (open
circles)
Figure 4. Relation of channel sinuosity to mean annual suspended-sediment concentration. The dotted curve is fitted by eye. The solid
straight lines are regression lines for points with Cmean < 10 kg m3 (solid circles) and with Cmean > 10 kg m3 (open circles)
All the points are divided into two groups with Cmean < 10kg m3 and Cmean > 10kg m3 and then
regression analysis is conducted respectively. In the first group, channel sinuosity and Cmean are nega-
tively correlated and the correlation is significant at a level of 0Ð01. The second group shows a positive
correlation significant at a level of 0Ð01. This allows all the points to be fitted by a curve with a mini-
mum (see the dotted curve in Figure 4). Figure 4 shows that, when suspended concentration is low, channel
sinuosity is high; with the increase in suspended concentration, sinuosity sharply declines to a lower level
that is associated with a braided channel. When the suspended concentration increases further and enters
the range of hyperconcentrated flows, the channel becomes single-thread and channel sinuosity increases
again.
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Although so far there is no generally accepted theory for channel pattern formation, most researchers believe
that channel pattern is related to the distribution of energy in the system, and low stream power is one of the
conditions favouring the formation of meandering channel patterns (Yang, 1972; Xu, 1993). Chang (1979)
showed that channel pattern is directly related to energy dissipation rate or minimum stream power. This
can also be derived from the slope–discharge relation given by Leopold and Wolman (1957). This relation
shows that, at the same discharge, the slope of a meandering river is lower than that of a braided river. As
the discharge is the same, this means unit length stream power of a meandering river is smaller than that
of a braided river. Other factors such as sediment load and grain size also play a role in channel pattern
formation. Their effect may partly be reflected by the channel slope, because, in general, the coarser the
grain size, the steeper the slope, and the sediment load, especially bedload, is related to channel slope. Based
on data from Chinese rivers involved in this study, the slope–discharge relation is plotted in Figure 5. It is
notable that the points are divided roughly into two belts by a straight line, with the points of braided rivers
located above it, and the points of the two types of meandering rivers (i.e. meandering patterns at normal
concentration and at hyperconcentration) below. This means that, given the discharge, the unit length stream
power is highest for braided rivers; when the suspended sediment concentration decreases and the river pattern
becomes meandering (e.g. the rivers near the left-hand side of the curve in Figure 4), or when the suspended
concentration increases and the river pattern becomes hyperconcentration meandering (e.g. the rivers near the
left-hand side of the curve in Figure 4), the unit length energy expenditures are both relatively low.
River channel patterns varying with different sediment load-water discharge combinations
Figure 6 gives a plot of mean annual suspended sediment transport rate Qs against mean annual discharge
(Q), where the three channel patterns (i.e. meandering, braided, and meandering at hyperconcentration) are
distinguished by different symbols. It can be seen that the points representing the three patterns are located
in three belts, distinguished by two straight lines. The dividing line between low-concentration meandering
pattern and braided pattern is:
Qs D 1Ð54Q1Ð24
while the dividing line between braided pattern and hyperconcentration meandering pattern is:
Qs D 97Ð20Q0Ð944
Figure 5. Relation of channel slope to mean annual flood
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Figure 6. Relation of mean annual suspended-sediment transport rate and mean annual water discharge
Isolines of suspended sediment concentration are also drawn in Figure 6, which show how channel pattern
varies with suspended concentration. When suspended concentration is low, a meandering pattern appears;
the increased suspended concentration turns the channel pattern from a meandering to a braided one, but
when entering the range of hyperconcentrated flows, the meandering pattern appears again.
The formation of the channel pattern of a given alluvial river may be regarded as the outcome of a long-
term channel adjustment to accommodate the water and sediment conditions imposed by the upper drainage
basin. During this process, the river tends to form its planform in such a way that the equilibrium between the
sediment load imposed by the drainage basin and the sediment-carrying capacity determined by the channel
geometry (e.g. channel slope, bankfull width and depth) can be attained. Keeping this in mind, the formative
cause of the three belts in Figure 6 can be explained as follows.
Belt I. The rivers have relatively low suspended-sediment concentrations imposed by the upper drainage
basin, and it is likely that in the initial state or at the starting of adjustment, the river’s sediment capacity
exceeds the sediment load it has to carry. Hence, in its adjustment to establish sediment transport equilibrium,
the river tends to decrease the channel slope to reduce the energy expenditure and therefore the sediment-
carrying capacity. Under these conditions, the river increases its length and tends to meander.
Belt II. The sediment concentrations of rivers in this belt are higher than those of the rivers in Belt I. It is
likely that the rivers are located around the turning point of the curve showing the relation of sediment-carrying
ability to flow strength v3/gdω (see Figure 1). In the initial state, the river’s sediment-carrying capacity is
insufficient to carry the sediment load imposed by the upper drainage basin, and aggradation occurs. Probably
the river may be located near the peak on the curve in Figure 2. In the process to establish equilibrium, the
river needs to increase its channel slope in order to increase sediment-carrying capacity. Hence, the river is
unlikely to tend to meander, and its overall sinuosity becomes rather low and appears near the minimum on
the curve in Figure 4. Due to strong aggradation, the river channel tends to be wide and shallow, and the
width : depth ratio becomes high. Thus, the river tends to a braided channel pattern.
Belt III. When suspended sediment concentration increases into the range of hyperconcentrated flows, the
river’s characteristics of energy expenditure and sediment-carrying capacity become quite different from those
at non-hyperconcentrated flows, as discussed earlier. Located in the upper limb of the curve in Figure 1, the
streamflow strength needed for sediment carrying may be decreased with an increase in sediment concentration.
Because the sediment concentration is imposed by the upper drainage basin and may be thought to be a constant
on long-term average, it is likely that the river’s sediment-carrying capacity will be reduced by a decrease
in channel slope. Given the valley slope, the river may increase its length to achieve this goal. Furthermore,
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since the rivers dominated by hyperconcentrated flows may be located in the right-hand limb of the curve
in Figure 2, they are able to scour the bed and tend to a smaller width : depth ratio, a factor also favouring
the formation of a meandering channel pattern. The meanders here are different from those in Belt I; they
have been termed by Xu (1993) as ‘meanders at hyperconcentration of sediment’. For more discussion on the
formative cause of meanders of this type, see Xu (1993).
SOME DISCUSSION FOR FURTHER STUDY
It is notable that the points in many plots of this paper are quite scattered. Apart from some possible
measurement error, this is because some other factors may have significant impact. For example, as pointed
out earlier, bedload transport may represent a considerable part of energy expenditure of a river, especially for
the gravel-bed rivers with relatively low suspended sediment load. For these rivers, the energy expenditure
on overcoming flow resistance is also higher than many sand-bed rivers. This factor cannot be taken into
account, because the data of bedload are not available, but its effect should be studied.
The complex phenomenon as described in this paper is a reflection of non-linear behaviour of the
flow–transport relationship, when a wide range of suspended-sediment concentration is considered. Influenced
by this, channel pattern adjustment also shows non-linear behaviour. On the basis of non-linear theory, a
non-linear conceptual model may be established in a further study.
CONCLUSIONS
An analysis based on the data from alluvial rivers in China indicates that streamflows in natural rivers have
complex mechanical behaviour, both in sediment-carrying capacity and fill–scour processes. Controlled by
this, the channel geometry also exhibits some complex behaviour in response to variation in suspended
concentration. With the increase in suspended concentration, channel width : depth ratio increases, reaches a
maximum and then decreases. The inverse is true for channel sinuosity. When suspended concentration is low,
a meandering pattern dominates. Increases in suspended concentration lead to a braided pattern. But when
the suspended concentration increases further and enters the range of hyperconcentrated flows, a meandering
pattern appears again. The complex behaviour of channel pattern change may be regarded as an integrated
reflection of the complex behaviour of sediment-carrying streamflow at river reach scale.
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